All relevant data are within the paper and its Supporting Information files.

1 Introduction {#sec001}
==============

Polyploidy or Whole Genome Duplication (WGD) is an ubiquitous and influential force in plant evolution, both on macro- and micro-evolutionary timescales. **\[[@pone.0232736.ref001], [@pone.0232736.ref002]\]** WGD could have played a crucial role in angiosperm evolution and in the diversification of their main lineages. Indeed, some ancient WGD events are associated with high rates of diversification, a remarkable example of which is related to the origin of *Asteraceae*, a family of angiosperms containing one of the largest number of species **\[[@pone.0232736.ref003]--[@pone.0232736.ref006]\]**.

Polyploidy can arise in two ways. Allopolyploidy takes place when the genomes are derived from different species, individuals that can be produced by interspecific hybridization. By contrast, autopolyploidy is the result of intraspecific WGD events and it has long been considered to be less common, although it is true that autopolyploids are more difficult to detect. Moreover, if the rate of tetraploid formation were comparable to the mutation rate, many more autopolyploids would be expected in nature **\[[@pone.0232736.ref007],[@pone.0232736.ref008]\]**.

Differences in the distribution of polyploids and diploids have long been noted **\[[@pone.0232736.ref009]\]**. Polyploid taxa are frequently found in plant communities worldwide and they seem especially abundant in challenging environments, such as at high latitudes, at high elevations or in arctic areas **\[[@pone.0232736.ref009]--[@pone.0232736.ref014]\]**. Such distributions are consistent with observations regarding the physiological changes in polyploid plants, and when changes in body size follow genome duplication, it is common to find that "morphological differences *could result in different adaptations of cytotypes*" (emphasis ours) **\[[@pone.0232736.ref015],[@pone.0232736.ref016]\]**. Other central processes in plant physiology may also be affected by genome duplication and there is evidence that polyploids display a higher tolerance to water deficit **\[[@pone.0232736.ref017]\]** or higher photosynthetic rates **\[[@pone.0232736.ref018]\]**. One recurrent observation in natural polyploid plants is that they usually show improved growth and better adaptation to harsh environments, consequently displaying evolutionary advantages **\[[@pone.0232736.ref019]\]**. These observations explain the higher frequency of polyploids proposed in extreme environments **\[[@pone.0232736.ref020]\]**.It is known that the rate of unreduced gamete formation increases under conditions of stress in plants **\[[@pone.0232736.ref021], [@pone.0232736.ref022]\]**, such as extreme cold, highly fluctuating temperatures, nutritional and water stress, amongst others **\[[@pone.0232736.ref021]\]**. In areas where such challenging conditions prevail, small populations would be expected and this circumstance could further enhance the establishment of polyploids **\[[@pone.0232736.ref023]\]**. Interestingly, polyploids often have a higher rate of self-fertilization, a higher capacity to propagate clonally and a perennial life-cycle. All these traits would improve their chances of establishing stable populations in areas where conditions are non-optimal **\[[@pone.0232736.ref020],[@pone.0232736.ref024],[@pone.0232736.ref025]\]**. The higher frequency of polyploid individuals in non-optimal areas or extreme bioclimatic conditions, if true, could be relevant to the origin of allopolyploid species. Moreover, it is known that hybridization between distinct autopolyploids directly produces allopolyploids **\[[@pone.0232736.ref021]\]** and according to this observation, the presence of a high frequency of compatible autopolyploids in an area could trigger the formation of stable populations of the corresponding allopolyploid hybrid.

Ecological Niche Models (ENMs) along with Species Distribution Models (SDMs) **\[[@pone.0232736.ref026]\]** are useful tools to visualize the ecological preferences of a species within a specific area and they have been used successfully to examine a wide range of ecological issues. In a number of studies they have also been used to evaluate the effects of climate change on ecosystems and communities, or the effectiveness of conservation plans **\[[@pone.0232736.ref027]--[@pone.0232736.ref036]\]**. In terms of species distribution models (SDMs), all the above observations could mean that the frequency of polyploid individuals increases at the periphery of species ranges **\[[@pone.0232736.ref037]--[@pone.0232736.ref040]\]**, where the suitability for the species is low but not zero. Such Low Suitability Areas (LSAs) would harbor populations with a higher frequency of autopolyploids. If we consider two interbreeding species, we would expect a higher formation of allopolyploids in areas where the periphery of both ranges overlap. If there is a higher frequency of autopolyploids, the probability of producing non-reduced gametes would also be higher **\[[@pone.0232736.ref022]\]**, increasing the probability of fertile interspecific hybrids arising. Thus, we could consider these areas as more favorable sites to establish stable allopolyploid populations ([Fig 1](#pone.0232736.g001){ref-type="fig"}), and such locations could act as potential formation centers or cradles for the hybrid species.

![A possible mechanism of cradle formation.\
We show two closely related species with an allopatric distribution. Both of them have a high suitability area around the centroid of their ranges (regions *A* and *B* in 1) and a lower suitability area (LSA) around their ranges (areas *a* and *b* in 1). According to a number of observations (see text), a higher frequency of autopolyploids (solid squares and circles) could be expected in the peripheral regions of both ranges (the LSAs). The LSAs will overlap if both species have some degree of sympatry and hence, there would be regions with a stronger presence of autopolyploids emanating from both species. This circumstance would favor the formation of fertile tetraploid hybrids (red triangles, species C in 3). We considered such areas as potential cradles or potential formation centers for the hybrid species. Such hybrids could also arise at other locations where the parental taxa could interbreed, although a lower rate of hybrid formation would be expected. This is a possible scenario for the speciation of *G*. *bermejoi*, where the A and B species would be its parental *G*. *struthium* subsp. *struthium* and *G*. *tomentosa*.](pone.0232736.g001){#pone.0232736.g001}

*Gypsophila bermejoi* G.López is an allopolyploid species derived from the parental *G*. *struthium* L. subsp. *struthium* and *G*. *tomentosa* L **\[[@pone.0232736.ref041]\]**. All these plants are gypsophytes endemic to the Iberian Peninsula, and they are of particular ecological, evolutionary and biochemical interest. Some evidence points to a recent origin of the current populations of *G*. *bermejoi* **\[[@pone.0232736.ref042],[@pone.0232736.ref043]\]**. Indeed, based on ENMs and SDMs it has been shown that the parental taxa of *G*. *bermejoi* had a high degree of sympatry during the Last Glacial Maximum (LGM), although the climatic conditions may have repressed the formation of this species because of its very narrow bioclimatic niche at that time **\[[@pone.0232736.ref042],[@pone.0232736.ref043]\]**. In the present work gypsum soil locations included in areas where the LSAs of the parental species of *G*. *bermejoi* overlap were determined. According to our hypothesis such locations could be potential cradles for *G*. *bermejoi* speciation ([Fig 1](#pone.0232736.g001){ref-type="fig"}) Thus, we located a set possible centers where the climatic conditions during the (LGM) and the mid-Holocene (MH) period would favor the formation of this species, and then, we assessed the evolution of the bioclimatic conditions at those locations to determine which populations could have survived. Finally, we compared these results with the current locations of *G*. *bermejoi*. Our main goal was to find out if this working hypothesis could to some extent predict the current distribution of the species.

2 Material and methods {#sec002}
======================

2.1 Study area and species {#sec003}
--------------------------

All the species included in this work are endemic to the Iberian Peninsula, which is located in the southwestern part of Europe, between latitudes 36°00\'08\"N---43°47\'38\"N and longitudes 9°29\'00\"O---3°19\'00\"E. With an area of approximately 597,000 km^2^, this is the second largest peninsula on the continent, and it includes most of the territory of Spain and Portugal. In this study, we focused on the gypsum steppes within the Peninsula, containing the gypsum outcrops in this territory and covering a total extension of 32,487 km^2^ (5.4% of the Peninsula) **\[[@pone.0232736.ref044]\]**. These habitats are concentrated in the eastern half of the Peninsula, under the influence of a Mediterranean climate.

Our research focuses on the speciation of *Gypsophila bermejoi*, a natural hybrid derived from *G*. *struthium* subsp. *struthium* (2n = 34) and *G*. *tomentosa* (2n = 34) **\[[@pone.0232736.ref041]\]**. This genus is included in the *Caryophyllaceae* family of plants, and it is an allopolyploid species (2n = 68) found on verges and slopes in areas of gypsum soil **\[[@pone.0232736.ref044]\]**. While the range of *G*. *bermejoi* overlaps that of its parental taxa to some degree **\[[@pone.0232736.ref045]\]**, the ecological niche of *G*. *bermejoi* shows noticeable differences **\[[@pone.0232736.ref043]\]**. Gypsum soils are harsh environments for angiosperms due to their extreme xericity, severe nutritional imbalances and the presence of a crusty surface **\[[@pone.0232736.ref045],[@pone.0232736.ref046]\]**. In biochemical terms, gypsophytes can produce a wide range of secondary metabolites and they have a tendency to accumulate certain minerals. The production of saponins and antioxidants, like that of phenols and flavonoids, has been studied widely in *Gypsophila* **\[[@pone.0232736.ref047]--[@pone.0232736.ref049]\]**. As a result of the particular ecological conditions of the gypsisols, the peninsular gypsum outcrops harbor plants that are highly adapted to their environment, and endemic species are common at these sites. This circumstance and the patchy nature of these habitats makes these species a good model to study plant evolution and speciation processes **\[[@pone.0232736.ref046]\]**.

2.2 Data sources {#sec004}
----------------

According to a number of works **\[[@pone.0232736.ref050],[@pone.0232736.ref051]\]** the use of only one algorithm is not the ideal strategy to model ecological niches and potential species distributions. In this research we performed ensambles based on four algorithms: General Linear Models (GLM) **\[[@pone.0232736.ref052]\]**, Random Forests (RF) **\[[@pone.0232736.ref053]--[@pone.0232736.ref055]\]**, Mlutivariate Adaptative Regression Splines (MARS) **\[[@pone.0232736.ref056],[@pone.0232736.ref057]\]** and Maximum Entropy (MaxEnt) **\[[@pone.0232736.ref058]--[@pone.0232736.ref061]\]**. All these algorithms require two types of data for the study area: species occurrence and environmental data. Here, we used species occurrence data from the Global Biodiversity Information Facility (GBIF) database **\[[@pone.0232736.ref062]\]** and a set of WorldClim bioclimatic variables. WorldClim is a database with sets of global climatic data that can be used for ecological modeling and mapping (gridded climate data), with a spatial resolution of about 1 km^2^. The internet portal ([www.worldclim.org](http://www.worldclim.org/)) offers publically data for 19 bioclimatic variables all them derived from temperature and precipitation data from meteorological stations. **\[[@pone.0232736.ref063]\]**.

An important aspect of ENM and SDM studies is the uncertainty carried in the data, especially when extrapolating models for future or past conditions, since this data is a result from Global Circulation Models (GCMs). There is considerable variation for some of the bioclimatic variables among the different GCMs. Thus, we used bioclimatic maps for the MH period and LGM generated through three different Global Circulation Model: the Community Climate System Model (CCSM4), the Model for interdisciplinary Research of Climate (MIROC-ESM) and the Max Planck Institute for Meteorology Earth System Model (MPI-ESM) **\[[@pone.0232736.ref064]--[@pone.0232736.ref066]\]**. In projections to the LGM, this is particularly important for species highly sensitive to precipitation variables in temperate areas **\[[@pone.0232736.ref067], [@pone.0232736.ref068]\]**

Modeling species distributions requires correlations between the predictors to be minimized **\[[@pone.0232736.ref061]\]**. From a set of available predictors, we selected those with the lowest Pearson correlation coefficient using a clustering algorithm to produce a dendrogram that groups the variables according to their degree of correlation. A jackknife test of the contribution of the variables to the model was also performed. After combining the information obtained through correlation dendrogram and jackknife for variable contribution, and taking into account the abiotic factors determining the vegetation patterns in a semi-arid Mediterranean landscape **\[[@pone.0232736.ref069],[@pone.0232736.ref070]\]**, we selected from the less correlated variables those with the highest contribution, and one related with precipitation values during the dry season ([Table 1](#pone.0232736.t001){ref-type="table"}).

10.1371/journal.pone.0232736.t001

###### List of the environmental variables selected to implement both the MaxEnt species distribution models.

![](pone.0232736.t001){#pone.0232736.t001g}

  Variable                                                  Source      Resolution
  --------------------------------------------------------- ----------- ------------
  **bio4---**the dispersion of seasonal temperatures        WorldClim   2.5'
  **bio6---**the minimum temperature in the coldest month   WorldClim   2.5'
  **bio13---**the rainfall in the wettest month             WorldClim   2.5'
  **bio14---**the rainfall in the driest month              WorldClim   2.5'

2.3 Modeling species distributions {#sec005}
----------------------------------

We have used the SDM R package **\[[@pone.0232736.ref071],[@pone.0232736.ref072]\]** to model the potential distribution maps of the studied species. It provides a reproducible and extensible platform for species distribution modeling, suitable for reproducible research. This package includes tools enabling ensembles of models to be performed, model evaluation using different approaches, and SDM projections in space and time **\[[@pone.0232736.ref072]\]**. In our case, we used a set of algorithms that included General Linear Models (GLM), Random Forests (RF), Mlutivariate Adaptative Regression Splines (MARS) and Maximum Entropy (MaxEnt), all them currently implemented in R language **\[[@pone.0232736.ref071]\]**. For an explication of the methods see **\[[@pone.0232736.ref052],[@pone.0232736.ref061]\]**. These tools essentially assess the probability of the presence of a species in function of the environmental variables selected. The inputs are data files on the presence of the species and a series of maps of the environmental variables considered to be significant. The results can be interpreted as an index of suitability for the particular species to that habitat **\[[@pone.0232736.ref059]\]**.

The models were fitted and used to generate multiple replicates (30) of each method through partitioning using the bootstrap method. Weighted average ensambles of these models were performed for each species. Then, we obtained species distribution projections for the LGM and the Mid Holocene climatic conditions using three different General Circulation Models: CCSMS, MIROC-ESM and MPI-ESM. Again, an ensemble was performed to get the consensus forecast map.

We dealt with autocorrelation issues by eliminating any redundant presence in each pixel on the scale of the bioclimatic variables used. The original numbers of occurrence records and the numbers left after this step (at a resolution of 2.5 minutes) were: 138 and 60 respectively for *G*. *bermejoi*, 256 and 120 for *G*. *struthium* subsp. s*truthium* and 349 and 99 for *G*. *tomentosa*. The uncertainties were assessed and mapped by studying the Standard Deviation of the ensembles (see suplementary materials 1 and 2). The study focused on the effect of climatic oscillations and as such, we used only bioclimatic variables to generate the models. Given the strict gypsophyllic nature of these plants **\[[@pone.0232736.ref044]\]**, they are only present on gypsum soils and their suitability on other soils is "0". Therefore, we applied the models with climate variables to the entire Iberian Peninsula and we then subtracted the gypsum soil territories to evaluate the suitability areas. We validated the models by means of the Area Under the Curve (AUC), and theTrue Skill Statistic (TSS), **\[[@pone.0232736.ref073]--[@pone.0232736.ref075]\]**.

2.4 An approach to find potential *G*. *bermejoi* cradles {#sec006}
---------------------------------------------------------

As pointed out previously, a number of observations seem to support the hypothesis of a higher frequency of polyploid individuals in the peripheral domains of the ranges for a given species **\[[@pone.0232736.ref037]--[@pone.0232736.ref040]\]**, where the suitability for the species is weaker. If this statement is true, higher autopolyploid frequencies would be expected at the periphery of the potential areas predicted by the models. Here we used this idea to predict possible centers of *G*. *bermejoi* formation. As indicated, our hypothesis is that the gypsum outcrops where the LSAs of both parental taxa overlap (suitable soils with higher frequencies of *G*. *struthium* subsp. *struthium* and *G*. *tomentosa* autopolyploids) would be potential cradles for the allopolyploid species *G*. *bermejoi*. As such, we assessed whether the results obtained were consistent with the current distribution of *G*. *bermejoi*.

Our approach to find potential cradles is summarized as:

### a Generating species distribution models (SDM) {#sec007}

The ensemble modeling approach was used to produce suitability forecasts based on a series of bioclimatic variables carefully selected (see above) and four different algorithms (GLM, RF, MARS and MaxEnt). These models were then projected onto the geographical space of the Iberian Peninsula in the current climatic conditions, and in two past climatic ages: the LGM and MH period. For the LGM and MH we again performed an ensemble based on three General Circulation Models (CCSMS, MIROC-ESM and MPI-ESM). We generated these models for *G*. *bermejoi* and for its parental taxa, *G*. *struthium* subsp. *struthium* and *G*. *tomentosa*.

### b Obtaining a statistical distribution of suitability values {#sec008}

To achieve our goal it is crucial to define what is "low" suitability. To do so, we carried out an exploratory analysis of the suitability values predicted by the models under the current climatic conditions for both parental taxa. A statistical distribution for these bioclimatic suitability values was obtained, considering only the sites where they are currently present. In other words, we took the readings of the suitability values predicted by the models at the locations where the species is currently found. Our goal here was to define the lowest suitability values predicted by the model at the sites where both taxa occur. (*G*. *struthium* subsp. *struthium* and *G*. *tomentosa*). It is important to bear in mind that by doing so, we obtain the lowest suitability values predicted by the SDM for the parental taxa at locations where those plants really grow ([Fig 2A](#pone.0232736.g002){ref-type="fig"}).

![Low Suitability Areas (LSA) for *G*. *struthium* subsp. *struthium* and *G*. *tomentosa*.\
To establish the intervals of low suitability, we need to know the suitability values predicted by the models at the locations where these taxa are present under current climatic conditions. For each taxon, we considered low suitability values to be all those between the minimum and the first quartile. We tried to assess the suitability values in which a high frequency of autopolyploids is expected for both species. In Fig 2A, the suitability value histograms for both taxa are shown, with the minimum and first quartiles indicated by colored lines. In interval 1 (the minimum between *G*. *tomentosa* and *G*. *struthium* subsp. *struthium*), there is low suitability for *G*. *tomentosa* but no presence of *G*. *struthium* subsp. *struthium* (making interbreeding impossible). In interval 2 (between the minimum and the first quartile of G. struthium subsp. struthium) there is low suitability for both taxa and according to our hypothesis, a higher frequency of autoplyploids might be expected. Interval number 3 has low suitability for *G*. *tomentosa* but not for *G*. *struthium* subsp. *struthium*. If we accept the situations for low suitability, there could be a higher frequency of *G*. *tomentosa* autopolyploids in this interval but not of *G*. *struthium* subsp. *struthium*. In these conditions a higher frequency of triploid individuals would be expected, which could also enhance the formation of the *G*. *bermejoi* tetraploid hybrid. As a consequence, we considered the 2+3 interval to be favorable for the formation of *G*. *bermejoi*, between the higher minimum (that of *G*. *struthium* subsp. *struthium*) and the higher first quartile (that of *G*. *tomentosa*). Fig 2B and 2D show the MaxEnt models during the LGM for *G*. *struthium* subsp. *struthium* and *G*. *tomentosa*, respectively, whilst Fig 2C and 2E show the LSAs for both taxa (suitability values between 0.07603 and 0.52207).](pone.0232736.g002){#pone.0232736.g002}

### c Defining Low suitability intervals {#sec009}

At this point we need to establish a threshold to define what can be considered "low". To do so, we used the range between the minimum and the first quartile of the statistical distributions for the suitability values of the parental taxa (**[Table 2](#pone.0232736.t002){ref-type="table"}**). We considered a low suitability interval to be that defined between the minimum and the first quartile of the suitability values predicted by the SDM at the current locations of both taxa (*G*. *tomentosa* minimum = 0.07603, first quartile = 0.52207 and *struthium struthium* minimum = 0.1306, first quartile = 0.4447). It is important to bear in mind that our aim is to assess the suitability interval that could enhance the formation of allopolyploids. In other words, the suitability values favoring a higher frequency of autopolyploids for at least one of the parental taxa. We used the same interval for both taxa and we established the interval between the lowest minimum and the highest first quartile ([Fig 2A](#pone.0232736.g002){ref-type="fig"}). We have to consider this step by step, whereby below the lowest minimum no taxon is present and obviously, we must discard that interval. Between both minima, we had low suitability for one taxon and no presence for the other, making interbreeding impossible. The interval defined by the *G*. *struthium* subsp. *struthium* minimum and its first quartile represents a low suitability for both parental taxa ([Fig 2A](#pone.0232736.g002){ref-type="fig"}). In these conditions higher frequencies of autopolyploids could be expected for both taxa, as well as a higher rate of allopolyploid formation. However, we also considered the interval between the first quartiles of *G*.*struthium* subsp. *struthium* (0.4447) and *G*. *tomentosa* (0.52207). If the working hypothesis were correct, there would be a higher frequency of autopolyploids in this interval for just one taxon. However, according to the triploid bridge mechanism **\[[@pone.0232736.ref076],[@pone.0232736.ref077]\]**, this interval could also facilitate the formation of allopolyploids. As a consequence, we consider that the bioclimatic suitability interval between the minimum of *G*. *struthium* subsp. *struthium* (0.1306) and the first quartile of *G*. *tomentosa* (0.52207) could favor the formation of *G*. *bermejoi* allopolyploid species. Such intervals correspond to a series of pixels in the maps defining the LSAs for each taxon. The next logical step is to locate those regions in the geographical space and to find where the LSAs for the parental taxa overlap.

10.1371/journal.pone.0232736.t002

###### Models evaluation using AUC and TSS.

AUC values next to one and TSS values above 0.6 are considered good and 0.2--0.6 to be fair to moderate.

![](pone.0232736.t002){#pone.0232736.t002g}

  -----------------------------------------------------
                          MaxEnt   RF     GLM    MARS
  ----------------------- -------- ------ ------ ------
  ***G*. *bermejoi***\    0.97     0.99   0.94   0.97
  **AUC**                                        

  ***G*. *bermejoi***\    0.87     0.93   0.86   0.86
  **TSS**                                        

  ***G*. *tomentosa***\   0.95     0.98   0.87   0.95
  **AUC**                                        

  ***G*. *tomentosa***\   0.81     0.89   0.7    0.81
  **TSS**                                        

  ***G*. *struthium***\   0.95     0.98   0.89   0.95
  **AUC**                                        

  ***G*. *struthium***\   0.78     0.88   0.7    0.77
  **TSS**                                        
  -----------------------------------------------------

### d Low Suitability Areas in the geographic space for the LGM {#sec010}

Once the low suitability interval is defined, a GIS can be used to establish the LSAs for the parental species of *G*. *bermejoi* during the LGM, for which we used QGIS **\[[@pone.0232736.ref078]\]**. From the potential area predicted for *G*. *struthium* subsp. *struthium* and *G*. *tomentosa* during the LGM ([Fig 2B and 2D](#pone.0232736.g002){ref-type="fig"}), we selected those areas with suitability values between 0.1306 and 0.52207 ([Fig 2C and 2E](#pone.0232736.g002){ref-type="fig"}). According to our working hypothesis, those areas should have more autopolyploid plants and if so, a higher frequency of allopolyploids would be expected in the locations where both these areas overlap ([Fig 3B and 3D](#pone.0232736.g003){ref-type="fig"}). A stronger presence of non-reduced gametes in such populations would facilitate the formation of the fertile hybrid *G*. *bermejoi*. Thus, we used QGIS to establish where the LSAs for the parental taxa overlap.

![A digital version of the gypsum soils maps published by Mota *et al*.\
(2011) was used to plot the sites of gypsum soils on the map *(3A)*. During the LGM, the LSAs of the *G*. *bermejoi* parental taxa overlapped at some locations due to the high degree of sympatry of both taxa (yellow colored areas in *3B* and *3C*). According to our hypothesis, higher frequencies of autopolyploids and non-reduced gametes would be expected in those areas. The three taxa studied are strict gypsophytes and hence, we filtered all the gypsum outcrops included in the areas where the LSAs for both parental taxa (*G*. *struthium* subsp. *struthium* and *G*. *tomentosa*) overlap (*3C*). At those sites, there would be a higher probability of establishing thriving populations of the fertile *G*. *bermejoi* hybrid and thus, we consider such places as potential cradles for this species. *3D* shows The overlapping LSAs of the parental *G*. *bermejoi* taxa during the MH period and (*3E*) the potential cradles for the same climatic period.](pone.0232736.g003){#pone.0232736.g003}

### e Filtering for locations with suitable soils: Locating the LGM cradles {#sec011}

All the species considered in this work are strict gypsophytes. So far we have located the areas where bioclimatic suitability could favor the formation of *G*. *bermejoi* but we have yet to take into account the special edaphic conditions required by this plant. To select the sites with suitable soils, we used a digital version of the gypsum soils maps published by Mota *et al*. (2011) **\[[@pone.0232736.ref044]\]**. Using an algorithm implemented in R programming language **\[[@pone.0232736.ref071]\]** and QGIS **\[[@pone.0232736.ref078]\]**, we filtered the sites with gypsum outcrops from the areas where the low bioclimatic suitability of the parental taxa overlap ([Fig 3B and 3C](#pone.0232736.g003){ref-type="fig"}). We consider these locations as potential cradles for *G*. *bermejoi* and in such places, the presence of two concomitant factors could favor the establishment of stable populations of this species: suitable soils and according to the working hypothesis, a high frequency of polyploid individuals from the parental *G*. *bermejoi* taxa.

### f Locating potential cradles for the Mid-Holocene period {#sec012}

The SDM models show dramatic changes in the potential distribution for the species studied during the MH period. New potential bioclimatic areas mean new LSAs and hence, new potential cradles. To locate these potential cradles, we repeated the protocol using the models for the MH period ([Fig 3D and 3E](#pone.0232736.g003){ref-type="fig"}): the LSAs for the MH period can be seen in the supplementary materials section (S3).

2.5 Predicting the expected distribution of *G*. *bermejoi* under current climatic conditions {#sec013}
---------------------------------------------------------------------------------------------

Having determined the potential *G*. *bermejoi* cradles, it is possible to forecast its expected current distribution by studying the evolution of the bioclimatic suitability of this taxon at such locations or, in other words, by foreseeing the fate of such potential cradles. Our goal here is to find out which of these locations could have maintained stable populations of *G*. *bermejoi* despite the dramatic climatic changes that have occurred in the past 25,000 years. By doing so, we could assess which potential cradles might have survived such climatic oscillations and could currently harbor *G*. *bermejoi* populations. Hence, we assessed in which of these cradles bioclimatic suitability remained reasonably high for *G*. *bermejoi* as follows:

### a Defining a survival threshold for *G*. *bermejoi* {#sec014}

A "survival" threshold was defined in order to establish which of the possible cradles could have maintained *G*. *bermejoi* populations up to the present day. To do so, we generated a model for *G*. *bermejoi* under current climatic conditions and we took the suitability values at the points of occurrence of this species. The resulting distribution is shown as a histogram in [Fig 4A](#pone.0232736.g004){ref-type="fig"} to [4D](#pone.0232736.g004){ref-type="fig"} (lower histograms) and the minimum suitability value of this distribution was used as a "survival" threshold. We also evaluated the effects of different thresholds in the results (see [discussion](#sec020){ref-type="sec"}).

![The bioclimatic suitability of *G*. *bermejoi* cradle locations in the LGM and Mid-Holocene periods were evaluated in the Mid-Holocene and current climate conditions.\
The resulting statistical distributions were plotted as the dark blue histograms, while the pale blue histogram corresponds to the suitability values of the model at the sites the plant occurs under current climate conditions. The minimum value of this distribution was used as a survival threshold for this species. Comparing both histograms, we can see how many potential cradles maintain a bioclimatic suitability below this minimum and thus, *G*. *bermejoi* could not endure the climatic conditions at these sites. *(4A*) shows the comparison between *G*. *bermejoi* suitability values and those of the LGM cradles under Mid-Holocene climatic conditions and *(4B)* those for the current climatic conditions. *(4C)* compares the *G*. *bermejoi* suitablity values with those of the Mid-Holocene cradles during the Mid-Holocene and *(4D)* under current climatic conditions. In LGM cases (*4A* and *4B*), the vast majority of cradles produced very low suitability values for *G*. *bermejoi* and it is difficult to consider the survival of this species at such locations. In contrast, for Mid-Holecene cradles it seems to be a number of surviving populations during that period (*4C*) and some of them to the present (*4D*).](pone.0232736.g004){#pone.0232736.g004}

### b Evolution of the bioclimatic suitability conditions for *G*. *bermejoi* at the cradles {#sec015}

The evolution of bioclimatic suitability of the potential cradles as a whole was studied from the LGM to the present ([Fig 4](#pone.0232736.g004){ref-type="fig"}). We treated the potential cradles generated during the LGM ([Fig 4A and 4B](#pone.0232736.g004){ref-type="fig"}) separately from those generated in the Mid-Holocene ([Fig 4C and 4D](#pone.0232736.g004){ref-type="fig"}). The former were studied at three moments: LGM, MH period and current climatic conditions. Obviously, we only studied suitability during the MH and the current climate for the MH cradles. We then took the suitability values of *G*. *bermejoi* produced by the models at the LGM cradles for the MH and current climatic conditions.

Comparative histograms were generated to get an idea of the potential cradles where the suitability values for *G*. *bermejoi* remained below the minimum for different climatic periods ([Fig 4](#pone.0232736.g004){ref-type="fig"}), sites at which *G*. *bermejoi* populations would be doomed. This approach also enabled us to filter the surviving cradles at different moments in the past and under the present climatic conditions.

### c Filtering the potential cradles in the geographical space: an expected current distribution prediction {#sec016}

Two series of maps were generated using QGIS **\[[@pone.0232736.ref078]\]** to depict the fate of both the LGM and MH potential cradles ([Fig 5A](#pone.0232736.g005){ref-type="fig"} to [5D](#pone.0232736.g005){ref-type="fig"}). A color code reflecting the bioclimatic suitability values at those specific locations was used to show how favorable such sites were for *G*. *bermejoi*. All the cradles with suitability values below the minimum were removed because *G*. *bermejoi* populations could not endure such bioclimatic conditions. Our goal here was to assess which cradles could have harbored *G*. *bermejoi* populations up to the present. It is important to note that on this occasion we used the suitability values for *G*. *bermejoi* whilst we used those of its parental taxa to locate the potential cradles.

![Fate of the potential *G. bermejoi* cradles and expected current distribution of this plant according to our hypothesis.\
The quaternary climatic oscillations over the past 25,000 years have produced dramatic changes in bioclimatic suitability for this species. (5A) Shows the LGM cradles where *G*. *bermejoi* populations are expected to survive during the MH and current (5B) climatic conditions. We repeated this analysis for the potential cradles produced during the MH period and the results are shown in (5C) and (5D). This approach enabled us to produce a predicted current distribution for *G*. *bermejoi*, assuming no dispersal from the original cradles. This expected current distribution is shown in (5E), along with the actual presences of *G*. *bermejoi* (red triangles).](pone.0232736.g005){#pone.0232736.g005}

Due to the dramatic climatic changes in the Iberian Peninsula over the last 25,000 years it is possible that the bioclimatic suitability for *G*. *bermejoi* may drop abruptly in some potential cradles, areas in which the *G*. *bermejoi* populations will be doomed. Using these maps it is possible to find out in which potential cradles the conditions might maintain thriving *G*. *bermejoi* populations to date ([Fig 5B and 5D](#pone.0232736.g005){ref-type="fig"}). We applied the process for both LGM and MH cradles and in doing so, we can predict the current distribution of *G*. *bermejoi* based on an assumption of no dispersal, a prediction that can be compared with the actual distribution of this species ([Fig 5D](#pone.0232736.g005){ref-type="fig"}).

3 Results {#sec017}
=========

3.1 Models validation {#sec018}
---------------------

The AUC and TSS values obtained for the different algorithms and taxa are summarized on [Table 2](#pone.0232736.t002){ref-type="table"}. One must bear in mind that AUC values next to one and TSS values above 0.6 considered good and 0.2--0.6 to be fair to moderate.

3.2 Location and fate of potential LGM and Mid-Holocene cradles for G. *bermejoi* {#sec019}
---------------------------------------------------------------------------------

We had adopted a two stage strategy to predict the current distribution of G. *bermejoi* based on our hypothesis. First, we located the potential cradles according to the distributions of both parental taxa (*G*. *struthium* subsp.*struthium* and *G*. *tomentosa*) during the LGM and the MH periods, and we then assessed in which of those possible cradles the climatic conditions remained reasonably well suited to *G*. *bermejoi* survival. We obtained several possible centers of formation during the LGM, located in the eastern region of the Iberian Peninsula,([Fig 3C](#pone.0232736.g003){ref-type="fig"}). However, the bioclimatic suitability for *G*. *bermejoi* is almost 0 at all of these sites during the MH and only one population seems to survive that climatic period ([Fig 5A](#pone.0232736.g005){ref-type="fig"}) but no one to the current climatic conditions ([Fig 5B](#pone.0232736.g005){ref-type="fig"}).

The dramatic change in the potential distribution provoked by the climatic transition to the MH period favored different potential cradles for *G*. *bermejoi*. In this case, the potential cradles were more or less clustered at five locations: the Central, Eastern and South Eastern Region of the Iberian Peninsula; the Ebro Valley; and interestingly, a site in the North West of the peninsula, beyond the Central Mountain System that represents an important geographical barrier. Most of South Eastern areas were ill-fated in terms of *G*. *bermejoi* survival and hence, those below the survival threshold were not considered further ([Fig 5C](#pone.0232736.g005){ref-type="fig"}). During the MH period, we saw high bioclimatic suitability at several locations in the Ebro Valley and in the Central, Eastern and North western regions. After this period of benign climatic conditions for *G*. *bermejoi* at many sites ([Fig 5C](#pone.0232736.g005){ref-type="fig"}), its suitability decreased at many of these locations under current climatic conditions. At present, only some of the cradles in the central and north western sites maintain suitability values that would be compatible with the survival of *G*. *bermejoi* populations ([Fig 5C](#pone.0232736.g005){ref-type="fig"}).

The surviving cradles can be considered ([Fig 5D](#pone.0232736.g005){ref-type="fig"}), along with the sites with gypsophyte suitable soils ([Fig 3A](#pone.0232736.g003){ref-type="fig"}). Most of these gypsum outcrops remain unoccupied by *G*. *bermejoi* under current climatic conditions, although the models show that this was probably not the case in the past ([Fig 3C and 3E](#pone.0232736.g003){ref-type="fig"}). The surviving cradles can be interpreted as the expected distribution of *G*. *bermejoi* under conditions where there is absolutely no dispersion ([Fig 5E](#pone.0232736.g005){ref-type="fig"}). The occurrence of *G*. *bermejoi* is shown along with this expected distribution in [Fig 5E](#pone.0232736.g005){ref-type="fig"} for comparison.

4 Discussion {#sec020}
============

The results presented here suggest that the current distribution of *G*. *bermejoi* could be explained, at least in some degree, by our hypothesis. Accordingly, we outline some potential key events concerning the recent evolutionary history of this taxon. In general terms, the bioclimatic suitability for *G*. *bermejoi* evolved considerably over the last 25,000 years. From the almost null bioclimatic suitability in the LGM, there was an improvement during the MH period that subsequently decreased as the current climatic conditions were established. Our results show how this trend could have affected the possible formation of *G*. *bermejoi*, which would not have been present during the LGM. By contrast, several thriving populations of this species could have been established during the benign MH period, thereafter declining as the current climatic conditions set in established.

If we consider the LSAs of the parental taxa during the LGM, we see that they overlap at a number of sites with suitable soils. According to our hypothesis, those areas would harbor higher frequencies of autopolyploids of both taxa and they would therefore be potential cradles for this species. While we cannot rule out the formation of *G*. *bermejoi* in places other than these, the formation rate of hybrid individuals would be lower, as would the probability that stable populations could thrive there. It seems reasonable to accept that the climatic transition to the MH period triggered the formation of the first *G*. *bermejoi* populations at such sites ([Fig 3C](#pone.0232736.g003){ref-type="fig"}). We believe that hybrid populations would have blossomed at such locations as soon as the LGM climate changed.

During the MH period, new climatic conditions generated other potential areas for the parental taxa by producing different LSAs for *G*. *struthium* subsp. *struthium* and *G*. *tomentosa* and hence, new potential cradles for *G*. *bermejoi*. We think that the further climatic changes filtered those formation centers and our results indicate that only some of them maintained the bioclimatic conditions for *G*. *bermejoi* populations to survive. Such surviving populations are located in the Ebro Valley, the central, eastern and south eastern sectors, and interestingly, in the North West beyond the Central mountain range. Most of the observed sites of *G*. *bermejoi* are not too distant from the former ones and we think that this distribution is consistent with our hypothesis.

The presence of *G*. *bermejoi* populations in North west of Spain, beyond the Central System seems difficult to explain in terms of migration. This mountain range is a geographic barrier extending in ENE-WSW direction, with summits reaching heights of 2500 m **\[[@pone.0232736.ref079]\]** and constituting the boundary between two large tertiary basins: the Duero Basin to the North and the Tagus Basin to the South. This mountain range was the outcome of deformation, and it developed through triaxial compression that occurred during the Oligocene and the Lower Miocene period (*circa* 25 million years ago) **\[[@pone.0232736.ref079]--[@pone.0232736.ref080]\]**. Our hypothesis points to an *in situ* origin of these populations, because this area matches one of the MH cradles that maintained some degree of climatic suitability up to the present. Thus, the presence of *G*. *bermejoi* there could be understood in the framework of our hypothesis.

Our predictions include some locations in the Ebro valley, although we feel that their low suitability values (bioclimatic suitability \< 0.25) might rule out these sites as potential cradles. We used also other values of climatic suitability as survival thresholds. The first quartile and its mean with the minimum were also considered. These values decrease markedly the number of surviving populations both in the MH and the current climatic conditions. The histograms showing the bioclimatic suitability at the sites of *G*. *bermejoi* occurrence according to the models suggest an extremely low frequency of plants below 0.25. Indeed, the species is not currently found in the central Ebro Valley. Moreover, *G*. *bermejoi* is currently quite dispersed across the Southern Plateau, a flat and windy region. Significantly, the anatomy and structure of *Gypsophila* seeds is appropriate for mid-range dispersal, far from the potential cradles, and these seeds can be released from their capsules by strong winds and animals **\[[@pone.0232736.ref081]\]**. Indeed, some invasive species of this genus (*G*. *paniculata*) apparently use a dispersal mechanism based on tumbleweed **\[[@pone.0232736.ref082], [@pone.0232736.ref083]\]**.

To conclude, we believe that in conjunction with wind dispersal or other mechanisms, our hypothesis could to some extent explain the current distribution of *G*. *bermejoi*. However, many questions still remain unanswered regarding the recent evolutionary history of *G*. *bermejoi*. For instance, the connection between the gypsum outcrops and the dispersion capacity of *G*. *bermejoi* is unclear, and these data will be crucial to disentangle the recent evolutionary history of this taxon. However, our approach seems to shed some light on this issue and we encourage research into the genetic structure of the *G*. *bermejoi* populations, as well as cytogenetic studies to assess the rate and frequency of autopolyploid formation in current LSAs of *G*. *struthium* subsp. *struthium* and *G*. *tomentosa*.

Conclusions {#sec021}
===========

According to the results obtained here, we conclude that:

a.  The existence of populations of plants similar to those of the current *G*. *bermejoi* during the Last Interglacial period cannot be ruled out, although this question is beyond the scope of our study.

b.  The overlap between the LSAs for the parental *G*. *bermejoi* taxa during the LGM and the MH may have favored the formation of stable populations of this fertile hybrid soon after the end of this period. The gypsum outcrops in these areas could represent potential cradles or centers of formation for *G*. *bermejoi*.

c.  Only some of these potential cradles have retained suitable climatic conditions for this plant to date. These cradles that have survived to date may predict the expected distribution of *G*. *bermejoi*, assuming no dispersion. Such predictions seem to match the true distribution of *G*. *bermejoi*, particularly if we consider a degree of dispersion by wind or other means. This could explain the presence of this species in the central region of the Iberian Peninsula.

d.  The MH potential cradles could explain the presence of *G*. *bermejoi* populations to the North West of the Central mountain range. The presence of these populations is difficult to explain be means of migration, even though it is predicted by our model.

e.  The hypothesis of higher rates of autopolyploid formation in LSAs could to some extent explain the current distribution of *G*. *bermejoi*. Although further research will be required to clarify this issue, cytogenetic studies could address this hypothesis, for example assessing the autopolyploid frequencies of *G*. *struthium* subsp. *struthium* and *G*. *tomentosa* at their current LSAs.

Supporting information {#sec022}
======================

###### Uncertainty maps for the ensembles of the models generated by the four different algorithms (GLM, RF, MaxEnt and MARS) of *G*. *bermejoi*, *G*. *tomentosa* and *G*. *struthium* subsp. *struthium*.

(TIFF)

###### 

Click here for additional data file.

###### The same for the ensembles performed from models using different climatic models for the projections to the MH and the LGM.

(TIFF)

###### 

Click here for additional data file.

###### Low Suitability Areas (LSAs) for the parental taxa of *G*. *bermejoi* during the Mid Holocene.

For this climatic period, the MaxEnt models for *G*. *struthium* subsp. *struthium* and *G*. *tomentosa* are shown in *A* and *C* respectively. current distribution of this plant according to our hypothesis. *B* and *D* show the LSAs for both taxa during the Mid Holocene.

(TIFF)

###### 

Click here for additional data file.

10.1371/journal.pone.0232736.r001

Decision Letter 0

Silva

Daniel de Paiva

Academic Editor

© 2020 Daniel de Paiva Silva

2020

Daniel de Paiva Silva

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

10 Sep 2019

PONE-D-19-14999

Using Species Distribution Models to locate the potential cradles of the allopolyploid Gypsophila bermejoi G. López (Caryophyllaceae)

PLOS ONE

Dear Mrs. Bartolomé,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

We would appreciate receiving your revised manuscript by 9th/Nov/2019. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Daniel de Paiva Silva, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments:

Dear Dr. Bartolomé,

after a careful evaluation by two independent reviewers, one positive (major review) and one negative (rejection) that also raised interesting improvements that need to be taken care of, I believe you manuscript deserves a major review. Please focus on answering/changing the analyses suggested by both reviewers in the next review round.

Best regards,

Daniel de Paiva Silva

Journal requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

2\. Thank you for stating the following financial disclosure:

\"NO\"

Please provide an amended Funding Statement that declares \*all\* the funding or sources of support received during this specific study (whether external or internal to your organization) as detailed online in our guide for authors at <http://journals.plos.org/plosone/s/submit-now>

Please state what role the funders took in the study.  If any authors received a salary from any of your funders, please state which authors and which funder. If the funders had no role, please state: \"The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.\"

c\. Please include your amended statements within your cover letter; we will change the online submission form on your behalf.

3\. Please include a copy of Table 2which you refer to in your text.

\<h3\>** **\</h3\>

4\. We note you have included a table to which you do not refer in the text of your manuscript. Please ensure that you refer to Table 1 in your text; if accepted, production will need this reference to link the reader to the Table.

5\. Please include captions for your Supporting Information files at the end of your manuscript, and update any in-text citations to match accordingly. Please see our Supporting Information guidelines for more information: <http://journals.plos.org/plosone/s/supporting-information>

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Overall I really enjoyed this manuscript and believe it is a significant contribution towards novel applications of ecological niche models. The authors start from a deep theoretical knowledge and develop their models with the intention of testing a clear hypothesis based on phylogenetic/taxonomic knowledge. This may seem trivial, but it makes this manuscript stand out from other studies that use ENMs to identify past refugia/cradles for species or populations. I believe the strategy employed by the authors to identify cradles is very solid and creative, with a strong basis. However, there are a series of improvements to make it suitable for publication. I will describe the major ones here:

1\) Authors need to account for ENM uncertainty in both algorithm and climate scenarios. There are a variety of algorithms and past climate models, in a way that using only one of each is a risky and undesirable strategy. Much of variation in model\'s results come from those different sources. (see Diniz-Filho et al, 2009 - Partitioning and mapping uncertainties in ensembles of forecasts of species turnover under climate change; Qiao et al 2015 - No silver bullets in correlative ecological niche modelling: insights from testing among many potential algorithms for niche estimation; Varella et al. 2015 - A Short Guide to the Climatic Variables of the Last Glacial Maximum for Biogeographers; Goberville et. al. 2015 - Uncertainties in the projection of species distributions related to general circulation models for discussions about those issues).

There are a series of R packages and scripts that may help you fit ENM using other algorithms (BIOMOD, sdm, ZOON are some examples).

2\) While I am satisfied with the strategy of using occurrence data of another species as a proxy of soil in the current period, using those same locations to identify cradles in the past is not straightforward, as the distribution is a interplay of several factors and could be different in the past, which means authors may be missing areas with suitable soil. I recommend the authors to directly include soil variables within the models (see Velazco et al. 2018 - Using worldwide edaphic data to model plant species niches: An assessment at a continental extent; Hengl et al. 2014 - SoilGrids1km --- Global Soil Information Based on Automated Mapping) or to also create past models for O.tridentata. There is also the need of a better explanation about the procedures at this step.

3)The authors should explore a little further the effects of their survival threshold. While I understand why the authors chose the LPT (Least Presence Threshold), I believe they should consider using a higher threshold as using the LPT based on data from online

databases is risky due to the data being more prone to errors. The suitability frequencies histogram is a great way to visualize your data, and it seems there is a single point in a value of

very low suitability, the LPT is highly affected by those situations and there is no way to be sure that this point represents a viable population.

Therefore, I recommend exploring other thresholds (a common threshold for ENMs is the value that maximizes specificity and sensitivity, max TPR+TNR) and at least evaluate the effects

of the different threshold in the results.

4)This is a suggestion, and I do not think is an option authors must do for this manuscript. There is a nice R package for plant dynamic plant modelling called MigClim which I believe would be an extremely nice addition to the discussion of the cradle dynamics throughout time.

I made other minor comments and comments related to the text directly in the draft and attached the document.

Again congratulations for your study, it was very pleasant and exciting to read.

Reviewer \#2: General comments

The authors did a good job attempting to determine the potential Gypsophila bermejoi cradles, but some assumptions remain unclear. For example, the gypsum soils at Iberian Peninsula are ancient soils? In other words, is it ok to use Ononis tridentata current distribution as a proxy to locate gypsum soils and, ultimately, G. bermejoi LGM cradles? There is scientific evidence to confirm that the studied species don't occur in another soils unless the gypsum ones?

Considering Methods section, the authors must add information to allow work replication. For example, I could not find the occurrence data. Another important point here is that the authors chose to use only one SDM algorithm (MaxEnt) even though its TSS scores are low, and in the Discussion section they try to explain G. bermejoi historical geographic distribution based only on this result. Actually, the Discussion section seems inconsistent and speculative at some points. I hope the authors improve both sections, Methods and Discussion, once the main paper subject has scientific relevance.

Specific Comments

L 65-68: Funny English.

L 72-74: I can't see your point here.

L 110: Why these species are of ecological, evolutionary and biochemical interest?

L 111: Which taxon? All of them?

L 115 -- 116 and 138 -- 146: This is Methods.

Figure 1: The legend do not address step 2. Figures resolution must be improved.

L 144: The word "species" must be excluded.

L 160 -- 162: Funny English.

L 175: Occurrence data from GBIF must be cleaned up. Please, make sure that you have avoid bias. A useful option could be the package CoordinateCleaner (see Boria et al. 2014 and Zizka et al. 2019).

L 178: Please, make sure that you have used WorldClim 2 (Fick and Hijmans 2017), avoiding some anomalies of the older version pointed out by Escobar et al. 2014.

L 180: Besides CCSM4, what climate models have you used for past and future projections?

L 184 -- 192: What are your predictor variables at first, all the 19 from Bioclim? Which clustering algorithm have you used? Have you performed Jackknife with all the predictor variables or after the correlation dendrogram? Did you include soil traits, since you have mention references 51 and 52? Please, write Methods making sure that anyone can replicate your work.

L 187 and 189: "jack-knife" or "jackknife"?

Table 1: After reading the previous paragraph I have this sensation that you have choose predictor variables according to your personal experience. Please, explain in details how do you get to these four variables.

L 202: The hyperlink is outdated.

L 204: What did you consider "redundant presence"? Which protocol did you use to deal with autocorrelation?

L 209: Couldn't understand the sentence "The study focused on the effect of climatic oscillations and as such, we used only bioclimatic variables to generate the models."

L 211: The reference 58 is out of context. If you know for sure that these plants are strictly gypsophyllic and "they are only present on gypsum soils and their suitability on other soils is "0", please insert a reference that confirms that.

L 214 - 216 : So you adjust the functions to avoid interpreting difficult curves? I don't understand.

L 217: About model evaluation metrics, I strongly recommend the follow reading to the authors: "Leroy et. al. 2018 - Without quality presence -- absence data, discrimination metrics such as TSS can be misleading measures of model performance".

General comment: There are several algorithms that could be used to perform Species Distribution Modelling / Ecological Niche Modelling, so I want to know why did you choose to use only maxent? Is this the better choice to your data? Why?

L 223: "frequencies would be"

L 271: Where is the Table 2?

L 304: In my understanding you used the current location of Ononis tridentata to identify gypsum soils, assuming that its location is the same since LGM, is that correct? So, could you insert some references which ensures this information?

L 309: Does the algorithm have a reference? Again, make sure that anyone can replicate your work.

Figure 3: Please, make sure that all colors, shadows and dots in your map are explained by the figure's legend and review all details. The figure is self-explanatory, but with the legend becomes confusing.

L 336: Considering that you are using Species Distribution Modeling and it is a standard way to identify species current distribution (and you can include soils traits as well, see Velazco et al. 2017), why did you use all of these procedures? It seems that you are using current occurrence points to point out where the species.

L 471: You wrote more than three paragraphs without cite anyone besides your previous papers about G. bermejoi. Besides, most of your arguments are speculative, like "According to our hypothesis", "It seems reasonable to accept", "We believed", "We think that", "Seems difficult to explain", "We feel that".

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: Yes: André Felipe Alves de Andrade

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

###### 

Submitted filename: PONE-D-19-14999_reviewer.pdf

###### 

Click here for additional data file.

10.1371/journal.pone.0232736.r002

Author response to Decision Letter 0

14 Feb 2020

Dear all, editors and reviewers

The following letter gives an answer to all the changes and explanations requested.

Response to the requirements of the journal and reviewers:

1\. We have done again all the models, calculations and maps from scratch. We performed ensembles of models generated using four different algorithms (General Linear Models, MaxEnt, Random Forest and MARS) with 30 bootstrap replications each.

2\. Ensembles using Three General Circulation Models were performed for the projections to the Mid Holocene and Last Glacial Maximum for each species.

3\. The Uncertainties were assessed and mapped at the former steps.

4\. Gypsum soils maps were used in spite of using the indicator species Ononis tridentata.

5\. Several survival tresholds for Gypsophila bermejoi were explored to assess their effects on the results.

6\. We have revised all the references suggested and taken them into account to improve our research.

7\. All the small comments have been addressed.

to Reviewers 1 and 2

We are grateful for the comments made on our study and we appreciate sincerely the encouraging comments. We hope you find all the topics complete and clear with all the information added in this revised manuscript.

We appreciate your feedback and hope to have responded effectively.

Kind regards

The authors

###### 

Submitted filename: Response to Reviewers.docx

###### 

Click here for additional data file.

10.1371/journal.pone.0232736.r003
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PONE-D-19-14999R1

Using Species Distribution Models to locate the potential cradles of the allopolyploid Gypsophila bermejoi G. López (Caryophyllaceae)

PLOS ONE

Dear Mrs. Bartolomé,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

We would appreciate receiving your revised manuscript by May 04 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Daniel de Paiva Silva, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (if provided):

Dear authors, congratulations! The manuscript is nearly there. Reviewer \#1, which was one of the original reviewers believe it is done. Still, the new Reviewer\#3, who is also a SDM specialist, still believes very minor corrections that need to be done before the text is ready. As soon as you perform those, please resubmit your manuscript up to June 19th 2020. As soon as I receive it, I will forward it only to reviewer \#3, so s/he may evaluate if the minor changes were done.

All the best and beware with the COVID-19 virus.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: First of all, congratulations for the time taken to perform the modifications. I know it may not have been simple to run the experiment all over, but it was very well done and I believe the additions really improved the overall quality of the manuscript.

I believe the manuscript is ready to be published and the findings are very interesting!

This is a very nice piece of work and presents a very good application for ecological niche models!

I do believe there are some minor issues the authors must address, but it does not change my recommendation to accept the manuscript.

I found three sentences that I believe are related to the previous version of the manuscript, which state that only Maxent was used, which is not true in this new version. The sentences are at lines 216, 233 and 359. This is only a small issue, but can confuse readers, please address those.

Reviewer \#3: Comments to the authors

The study evaluates possible cradles for Gypsophila bermejoi species, an allopolyploid species, based on its parent species G. struthium subsp . struthium and G. tomentosa, both diploids species. For these, they projected the parent species environmental suitability to Last Glacial Maximum (LGM), Mid Holocene (MH), and current time periods, and established as potential cradles regions where both species have low suitability values. Then they compared these cradles areas with the G. bermejoi environmental suitability spatial distributions from LGM, passing through MH, until current time period.

The study is well designed and do have a nice idea and hypothesis. My only concern is about the ensemble approach on SDM analyses. I see that the authors added the ensemble framework after their first revision. Nonetheless, they did not reanalyzed their data according to the ensemble results, maintaining only the MaxEnt results in the construction of cradles hypothesis. I know that is a lot of work to do in reanalyzing all data according to the ensemble results. However, they have to point out that the ensemble SDM analyses was only done to evaluate the uncertainties bringing from different "algorithms" and "AOGCMs". Moreover, they have to show, in some way, that the results come from MaxEnt do not differ, as much as, the results of the other "algorithms", somehow analytical. Finally, it was missing if the Maxent results, used to build their hypothesis, was come from the ensemble of the three AOGCMs for LGM, and MH.

Specific comments:

Line 22: "Allopolyploid" is miswritten.

Line 81: "Plans" is miswritten.

Lines 216-219: Why only MaxEnt model? I do not understand this part. And what about the ensemble results?

Line 225: Something is misplaced in this sentence. Please rewrite.

Line 233: I do not understand "The MaxEnt approach Ensembles". You have to enlighten it in the previous sessions, as I asked in the third comment.

Line 359: Why, again only Maxent? And what about the ensemble results?

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#3: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.

10.1371/journal.pone.0232736.r004

Author response to Decision Letter 1

2 Apr 2020

Dear all, editors and reviewers

The following letter gives an answer to all the changes and explanations requested.

Response to the requirements of the journal and reviewers:

1\. We have corrected all the miswritten words.

2\. Sentences at lines 216, 233 and 359 have been corrected. Those lines mention MaxEnt as the only algorithm used and are remnants of the first version of the manuscript. For the current version all the calculations were repeated from scratch using four algorithms, and three General Circulation Models for the projections to the LGM and Mid Holocene.

to Reviewer 1

Again, we are grateful for your encouraging comments. All the small comments have been addressed, including the corrections of the miswritten words and the sentences at lines 216, 233 and 359.

We appreciate your feedback and hope to have responded effectively.

to Reviewer 3

We appreciate sincerely the comments made on our study.

All the mistakes have been corrected, including sentences at lines 216, 233 and 359 which state that MaxEnt was the only algorithm used, which is not true in this new version. Those lines were remnants of the previous version of the manuscript.

In the current version we state clearly that four algorithms were used to perform the ensembles and, later, three General Circulation models were used for the projections to the LGM and Mid Holocene.

We hope you find all the topics complete and clear with all the information added in this revised manuscript.

Kind regards

The authors

###### 

Submitted filename: Response to Reviewers2.docx

###### 

Click here for additional data file.

10.1371/journal.pone.0232736.r005
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PONE-D-19-14999R2

Dear Dr. Bartolomé,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.

Shortly after the formal acceptance letter is sent, an invoice for payment will follow. To ensure an efficient production and billing process, please log into Editorial Manager at <https://www.editorialmanager.com/pone/>, click the \"Update My Information\" link at the top of the page, and update your user information. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.

If your institution or institutions have a press office, please notify them about your upcoming paper to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, you must inform our press team as soon as possible and no later than 48 hours after receiving the formal acceptance. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information, please contact <onepress@plos.org>.

With kind regards,

Daniel de Paiva Silva, Ph.D.

Academic Editor

PLOS ONE

Additional Editor Comments (optional):

Congratulations! Well done!

Stay safe in the pandemic!

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#3: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#3: (No Response)

\*\*\*\*\*\*\*\*\*\*

7\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#3: No
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Dear Dr. Bartolomé:

I am pleased to inform you that your manuscript has been deemed suitable for publication in PLOS ONE. Congratulations! Your manuscript is now with our production department.

If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximize its impact. If they will be preparing press materials for this manuscript, please inform our press team within the next 48 hours. Your manuscript will remain under strict press embargo until 2 pm Eastern Time on the date of publication. For more information please contact <onepress@plos.org>.

For any other questions or concerns, please email <plosone@plos.org>.

Thank you for submitting your work to PLOS ONE.

With kind regards,

PLOS ONE Editorial Office Staff

on behalf of

Dr. Daniel de Paiva Silva

Academic Editor

PLOS ONE
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